We report results of theoretical calculations for optical properties and electronic conductivity for a 6H-SiC polytype nanowire with a single crystalline structure. The optical spectra show allowed transitions in the visible range. The current versus voltage (IV ) results found are qualitatively similar to the experimental IV curves for SiC nanowires reported.
INTRODUCTION
Silicon carbide (SiC) is well known to be a wide band gap semiconducting material consisting of different polytypes. 1 The most common polytypes are: 3C, 2H, 4H and 6H. A common feature of the polytypes is a hexagonal frame with a carbon atom located above the center of a triangle of Si atoms and underneath a Si atom belonging to the next layer. 2 The technological importance of SiC stems from its superior mechanical strength and thermal stability as well as high thermal conductivity. 3 The SiC nanowires (SiC-NWs) are considered to be good candidates for applications in nanoelectromechanical sensors, 4 nanocatalytic elements, 5 and nano-optical circuits 6 capable of operating in harsh environments such as high temperature and high power applications. The main stumbling block in their widespread use in nanodevices is the challenge accompanying the production of high quality samples. 7 The larger band gap also results in higher breakdown field, a useful property in electronics applications under extreme environment.
Various methods have been used for producing SiC nanowires. Dai et al. have grown SiC-NWs and nanorods using multi-wall carbon nanotubes in a vapor-solid reaction. 8 Chemical vapor deposition (CVD) has been used in the growth of SiC-NWs. 9 10 SiC-NWs have been obtained by carbon reduction of the xerogels under * Author to whom correspondence should be addressed. different carbothermal reduction parameters and argon atmosphere conditions. 11 Formation of high surface area silicon carbide materials comprising whiskers and nanotubes by using mesoporous silica as solid template has been reported. 12 Large-area highly oriented SiC nanowire arrays have been synthesized by a chemical vapor reaction using an ordered nanoporous anodic aluminum oxide template and a graphite reaction cell 13 Pol et al. have reported an efficient synthesis of high surface area SiC at a relatively low temperature and obtained high yield product in a one-stage, solvent-free, single-precursor reaction, without a catalyst. 14 Shen et al. have reported the synthesis and characterization of hollow nanospheres, nanowires and coaxial nanowires of cubic phase silicon carbide (b-SiC). 15 Cubic silicon carbide (3C-SiC) nanowires have been synthesized through a reduction-carburization route by using silicon powders and tetrachloride (CCl 4 as Si and C sources, and metallic Na as the reductant at 700 C. 16 Aligned SiC nanowires have been synthesized in a high temperature heating process using Al as a catalyst. 17 Shim et al. have reported the fabrication of SiC nanowires using vapor deposition and their characterizations using electron microscopycite. 18 Their study revealed a spontaneous transition process, during growth, among three distinctly different morphologies. Silicon carbide nanorods have been prepared via reacting magnesium silicide (Mg 2 /Si) with carbon tetrachloride (CCl 4 in an autoclave at 450-600 C. 18 Other methods of synthesis of SiC nanowires include arc-discharge 19 and direct chemical reactions.
Recently, the large polarization anisotropy of the Raman signal has been used to to screen individual 3C-SiC nanowires for gradients in chemical composition in the radial as well as axial directions. 21 Mechanical studies of SiC nanowires have been performed by several groups. [22] [23] [24] [25] Rurali has performed electronic structure analysis of (100) oriented SiC nanowires. 26 The structure of SiC nanotubes have been investigated theoretically by Menon et al. 27 Silicon carbide nanotube tips have been shown by first principles calculations to be a promising materials for atomic force microscopy and/or scanning tunneling microscopy applications. 28 The electronic properties of twinned SiC nanowires consisting of hexagonal (2H) stacking inside the cubic (3C) stacking has been investigated by Wang et al. 29 Theoretical first principles study of carbon clusters in 3C-SiC nanowires have been performed by Morbec and Miwa 30 and Pan and Feng. 31 Their electrical and optical properties have also been investigated experimentally. 32 33 Most of the theoretical works on SiC-NWs so far have been performed on 3C-polytypes. The theoretical works investigating the structural and electronics properties of other polytypes are rare although these polytypes exhibit many remarkable structural and electronic properties. In the small diameter limit these electronic properties could be significantly different from their bulk phases. The surface reconstruction becomes an important factor in determining the fundamental band gap and other properties. A detailed understanding of their structure and electronic properties is, therefore, very timely.
In this work we report results of theoretical investigations of a 6H-SiC polytype NW of diameter 0.9 nm containing a hexagonal core and oriented in the 0001 direction. All the interior atoms have four-fold coordination, while the surface atoms are three-fold coordinated. The structure is shown in Figure 1 . The structure was fully relaxed and its surface reconstruction carefully obtained. Apart from belonging to one of the most common SiC polytype, this has an unusual shape giving rise to interesting electronic and optical properties. 
THEORETICAL METHODS
For the 6H-SiC polytype NW systems studied we used first-principles density functional theory (DFT) in the generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 34 augmented by including Hubbard-U corrections based on Dudarev's approach 35 as implemented in the Vienna Ab-initio Simulation Package (VASP). [36] [37] [38] The U values used in the calculations are: U p Si = −5 5 eV and U p C = −17 0 eV. These U values were determined by fitting to the experimental band gap values for bulk diamond forms of Si (1.11 eV 39 ) and C (5.5 eV 40 ), respectively. The use of these U values for 3C-, 4H-and 6H-SiC polytypes gave the band gap values 2.37 eV, 3.22 eV and 2.95 eV respectively. The corresponding experimental values for these polytypes are 2.36 eV, 3.23 eV and 3.05 eV, respectively. 1 41 The projected augmented wave (PAW) potential [37] [38] is used to describe the core electrons. After testing for convergence we settled for a 8 × 1 × 1 -centered pack for k-vectors sampling. A kinetic energy cutoff of 550 eV was found to be sufficient to achieve a total energy convergence of the energies of the systems to within 1 meV. Gaussian smearing of 0.05 eV was chosen to accelerate electronic convergence. The optimization of atomic positions (including full cell optimization) was allowed to proceed without any symmetry constraints until the force on each atom is less than 5 meV/Å.
The nanowire is simulated using periodic boundary conditions along the NW axis (taken as the x-axis), as sufficient vacuum space (up to 15 Å) was imposed in radial direction to eliminate interaction between the NWs.
RESULTS AND DISCUSSION

Geometry and Electronic Structure
For a better understanding of the crystal structure of the 6H-SiC polytype, we show the stacking sequence in Figure 2 , left. If the first double layer is indicated by the A position, the next double layer is placed according to a
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Electronic Structure, Optical Properties and Electronic Conductivity of SiC Nanowires closed packed structure indicated by the B position. This is followed by the double layer C as shown. It should be noted that when viewed along the direction of the hexagonal stacking, all polytypes would look the same. The differences between the polytypes become evident only when one looks at the crystals from the edge as can be seen in the projection on the right in Figure 2 . An interesting zig-zag pattern is seen to emerge when stacking sequence is drawn in this manner which is evident in the atomic arrangements shown in Figure 1 . Note that the surrounding lattice does not look the same for each position A, B and C. The A position is where the turning point of the zig-zag pattern is. The supercell used in the calculations for the 6H-SiC polytype has 136 atoms. The band structure of the 6H-SiC has been examined along the -X direction (parallel to the symmetry axis). The nanowire exihibits a semiconducting character with a small gap of 0.32 eV. The bottom of conduction band (CBM) and the top of the valence band (VBM) are all located at the point of the Brillouin zone making the gap direct. The direct band gap properties of this NW make it to be a good candidate for application in optoelectronic nanodevices. The drastic reduction of the band gap can be attributed to the presence of dangling bond states of the unsaturated surface atoms. These dangling bonds produce edge-induced states (bands) in the band gaps located above the VBM and below the CBM.
Optical Properties
The optical spectra are obtained by calculating the imaginary part of the complex dielectric function from the matrix elements of the position operator between occupied and unoccupied states within the spin-polarized GGA + U method as implemented in VASP. The allowed transitions are determined by the nonzero matrix elements of the position operator. For optical properties it is essential to use sufficient number of k-points in the calculations of matrix elements. We use a 8 × 1 × 1 k-point grid. It is also important to have sufficient number of conduction bands for accuracy. We have employed 100 empty bands in our calculations. Convergence criteria has been verified by testing the changes in optical properties with respect to the number of k-points and conduction bands.
The absorption curves for this nanowire is shown in Figure 3 . As expected, there is a strong polarization with most absorption in the symmetry direction. Even though the dominant peak at 1150 nm is present only for k x , there is some contribution in the visible range for all k directions.
In Figure 4 we show the most dominant allowed transitions in the visible range indicated by arrows. Although the transitions are allowed over the whole Brillouin Zone (for all k-directions), the amplitudes in most cases are found to decrease as we move from the zone center towards the zone boundary. This can be explained by noting that at k = 0, neighboring unit cells are in phase, while at the boundary they are out of phase.
Electronic Conductivity
For the 6H-SiC polytype nanowire in Figure 1 , we have investigated their electronic transport properties by calculating their current-voltage (I-V ) characteristics using two methods.
In the first, we used the surface Green's function matching method (SGFMM) employing the scheme which we proposed in our earlier reports. 42 In brief, the SGFMM is an embedding method. In this approach we followed Datta's formalism 43 by incorporated it into Sanvito's et al. approach, 44 with the latter suitably modified by implementing it in the embedding approach of Inglesfield and Fisher. 45 While applying the SGFMM method, care must be exercised in representing correctly the contact of the NW with the metal leads. The calculation leads to the evaluation of the transmission function T E . In the initial implementation of this method, we used an orthogonal tight-binding (TB) Hamiltonian. 42 Subsequently, we have incorporated our non-orthogonal Generalized Tight Binding Molecular Dynamics (GTBMD) computational scheme into our conductivity code at the SGFMM level of approximation.
In the second we use the Transfer Hamiltonian Approximation (THA) method 46 incorporating the applied bias-voltage self-consistently (to be referred to as the SC-THA method). According to this SC-THA scheme, the applied voltage is assumed to be changing linearly from one end of the NW to the other. The transmission function, T E , is obtained at a pseudo-self-consistent level of approximation, i.e., for each applied bias we calculate self-consistently the Fermi-level of the system and then we continue with the calculation of the T E . This way a zeroth order of self-consistency is achieved in the calculations. Subsequently, we extended our conductivity code which is based on the non-orthogonal GTBMD scheme and Bardeen's 47 Transfer Hamiltonian Approximation (THA) so as to be applicable in systems consisting of more than one atom species.
In Figure 5 we present the current versus voltage (IV ) results from this study in which we used the 6H-SiC NW consisting of 272 atoms shown in Figure 1 . These curves were obtained under a symmetric bias conditions. As can be seen, the current magnitude increases with the increase of the bias voltage. The IV results are qualitatively similar to the experimental IV curves for the SiC NWs reported. 32 As it is apparent from Figure 5 , the orthogonal-SGFMM gives qualitatively the same results as the non-orthogonal-SGFMM, the latter being in good quantitative agreement with the former. On the other hand, both the SGFMM-based results are in very good agreement with those obtained within the Bardeen's THA for bias voltages in the range of −2 0 to +2 0 Volts. For higher bias voltages, the results of the two methods decline in a substantial way. This behavior is expected as was explicitly demonstrated by Datta. 43 In summary, we have presented results for optical and conducting properties of a 6H-SiC nanowire. The unusual properties exhibited by it could prove useful in nanotechnology applications. In particular, the optical absorption in the visible makes this nanowire a promising candidate for solar energy applications.
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